ABSTRACT-Tetrameric hemoglobins (Hbs) A and D were isolated from red blood cells of the Aldabra giant tortoises, Geochelone gigantea, by a hydrophobic interaction chromatography. After reduction and S-pyridylethylation, two sets of two types of α-chains (α-1 and α-2) and one β-chain were purified from the major Hb A and minor Hb D in molar ratios of about 1:1:2, respectively, by a reversed-phase column chromatography. The complete amino acid sequences of the three globin-chains from Hb A were determined: 141 amino acid residues for the two α-chains and 146 amino acid residues for the β-chain. Using computer analysis (amino acid maximum homology), the two α-chains shared a 96.5% sequence identity and had low sequence identities (37.8% for α-1 and 35.8% for α-2) with the β-chain of the same species, G. gigantea.
INTRODUCTION
Hemoglobin, the major respiratory protein, has been extensively investigated in animals, plants, protozoans, fungi and bacteria (Keilin, 1956; Kleinschmidt and Sgouros, 1987) . At the molecular level the protein has provided much information in both functional and evolutionary aspects (Bunn and Forget, 1986; Goodman et al., 1988; Vinogradov et al., 1993) . In reptiles, to our knowledge, 35 globin-chains from 19 species have been sequenced (Gorr et al., 1998; Kleinschmidt and Sgouros, 1987; Fushitani et al., 1996) . Among these studies, there are four investigations on turtle hemoglobin: one for a land tortoise, Geochelone carbonaria (Bordin et al., 1997) , one for a sea turtle, Caretta caretta (Petruzzelli et al., 1996) , and two for freshwater turtles, Chrysemys picta bellii (Rücknagel et al., 1984) and Phrynops hilarii (Rücknagel et al., 1984) .
This study aimed to establish the complete primary structures of both types of globins (α and β) from the land tortoises Geochelone gigantea, and analyze phylogenetic relationships among reptiles including two species of Geochelone, G. gigantea and G. carbonaria. First, the two hemoglobin components (Hb A and Hb D) were separated from G. gigantea hemoglobin under native conditions and purified constitutive polypeptide globin-chains from each of the two hemoglobin components for use in analyzing their primary structures. This study provides complete primary structures of the three globins from Hb A of G. gigantea. Here, we also describe a phylogenetic tree constructed for 14 complete amino acid sequences of both α-type globins and β-type globins of reptilian hemoglobins, including the two α-globins and one β-globin of G. gigantea Hb A. The phylogenetic tree supports previous studies on the classification, phylogeny and molecular evolution of reptiles (Benton, 1990 , Fushitani et al., 1996 : Gorr et al., 1998 .
MATERIALS AND METHODS

Materials
Blood from a male Aldabra giant tortoise, G. gigantea, weighing approximately 36 kg, was collected in heparin-Tris-HCl buffer, pH 8.0, at Osaka Municipal Tennoji Zoo where the animal died just before bleeding. The animal came from the Aldabra Atoll located only about 350 km from the northern coast of Madagascar and about 600 km away from East Africa's coast. Acetonitrile, ammonium sulfate, ammonium bicarbonate, tri-n-butyl phosphine, 4-vinyl pyridine and V8 protease (from Staphylococcus aureus strain V8) were purchased from Nakalai Tesque, Inc. (Kyoto, Japan). Trifluoroacetic acid (TFA) was obtained from Sigma Chemical Co. (St. Louis, MO. USA). Lysyl endopeptidase (Achromobactor protease I) was purchased from Wako Pure Chemicals Co. (Tokyo, Japan). Separation columns, Alkyl Superose column HR5/5 and Resource column (3 ml prepackaged with source 15 RPC gel matrix), were purchased from Pharmacia Biotech (Upsala, Sweden), and placed in a fast protein liquid chromatography (FPLC) system (Pharmacia Biotech). All other chemicals and solvents used were of the most purified grade commercially available.
Preparation of hemoglobin solution
Red blood cells were washed three times in 10 vol. physiological saline, lysed with 1 mM Tris-HCl, pH 8.0, and centrifuged at 3000 × g for 15 minutes to remove cell debris. All procedures were done at 4°C. The cell lysate, hemoglobin solution, was aliquoted and stored at -80°C until use.
Separation of hemoglobin components
The hemoglobin solution which had been saturated at 40% by adding 60% saturated ammonium sulfate was subjected to an Alkyl Superose column equilibrated with 60% saturated ammonium sulfate (183 g/ 500 ml) in 50 mM ammonium bicarbonate, pH 8.0. Elution was carried out with a gradient of 60 -0% saturated ammonium sulfate in the 50 mM ammonium bicarbonate buffer. The flow rate was maintained at 0.5 ml/min and fractions of protein peaks were collected. The fractions were monitored at 415 and 280 nm by spectrophotometers (Model 115, Gilson and UV-1, Pharmacia Biotech).
Protein modification
Reduction and S-pyridylethylation of globins were performed by the method described previously (Friedman et al., 1970) . After each reaction, the modified protein was dialyzed against 0.1M ammonium bicarbonate and lyophilized. Finally, the remaining reagents were completely removed from the sample by reversed-phase column chromatography on Resource from water containing 0.1% TFA to 80% acetonitrile containing 0.08% TFA. Flow rates were maintained at 0.5 ml/min. The fractions were monitored at 214 and 280 nm by a spectrophotometer (Model 116, Gilson).
Separation and purification of globin-chains
To separate α-type and β-type globin-chains, the S-pyridylethylated hemoglobin was subjected to a Resource column and eluted with a 0.1% TFA buffered gradient to 60% acetonitrile in 0.08% TFA. All fractions were monitored at 214 and 280 nm by a spectrophotometer (Model 116, Gilson). For further purification, re-chromatography on the Resource column was conducted under shallower gradient conditions as described in our previous report (Shishikura et al., 1987) .
Enzymatic digestion
Lysyl endopeptidase digestion was performed essentially as described (Jekel et al., 1983) . Briefly, samples (15 -20 nmoles) of the S-pyridylethylated protein were first dissolved in 8 M urea and incubated at 37°C for 30 min, followed by the addition of 0.5 M ammonium bicarbonate at a final concentration of 4 M urea in 0.1 M ammonium bicarbonate. Lysyl endopeptidase digestion of the sample was performed at an enzyme/substrate ratio of 1:30 (mol/mol) for 4 hr at 37°C in 0.1 M ammonium bicarbonate solution, pH 8.2 containing 4 M urea. To obtain overlapping peptides, the sample (20 nmoles) was digested with the V8 protease at a ratio of 1:100 (w/w, enzyme/ substrate) for 48 hr at 37°C in a 0.1M Tris-HCl solution, pH 8.5 containing 1 M urea.
Peptide separation
All peptides derived from their parent molecules were separated using a reversed-phase column, Resource, in a 0.1% TFA buffered gradient to 60% acetonitrile in 0.08% TFA. Flow rates were maintained at 0.5 ml/min. All fractions were monitored at 214 nm and 280 nm by a spectrophotometer (Model 116, Gilson). Re-chromatography of selected peptides, when necessary, was performed as previously described (Shishikura et al., 1987) .
Sequence determination
Sequence analysis was performed using a Shimadzu gas phase protein sequencer, PPSQ-10, equipped with a PTH-10 amino acid analyzer (Shimadzu Co., Kyoto, Japan). Phenylthiohydantoin (PTH)-derivatives from the sequencer were separated and quantified. PTHcysteine was detected as pyridylethylated-PTH-cysteine, the elution point of which was determined as described in the manufacturer's manual.
Computer analysis
A multiple alignment program, Clustal W (Thompson et al., 1994) , was used in the alignment of 28 primary structures of globins from Reptilia. Pair-wise distances among the 28 globin sequences were analyzed using a computer program PROTDIST stored in the PHYLIP package (v. 3.51c; Felsenstein, 1993) under the Kimura-formula option. Based on the pair-wise distances, Neighbor-Joining/UPGMA in NEIGHBOR (Felsenstein, 1993) was used to construct the phylogenetic tree of hemoglobins from Reptilia.
RESULTS AND DISCUSSION
Two components of hemoglobins
The red blood cells of the Aldabra giant tortoises, G. gigantea, contain two main hemoglobin components, major and minor, which were successfully separated under native conditions (50 mM ammonium bicarbonate, pH 8.0) by use of an Alkyl Superose column HR 5/5 (Fig. 1) . Two peaks were detected at 280 nm and 415 nm. They exist at a ratio of about 5:1 based on chromatogram area calculation. This value may vary from 5:1 to 5:3 depending on sample preparation. Braunitzer and coworkers have succeeded in separating two main components, Hb A and Hb D, from the adult Western Painted Turtle (Chrysemys picta bellii) by use of polyacrylamide gel electrophoresis under alkaline (pH 8.3) and dissociating conditions (Rücknagel and Braunitzer, 1988) . Also other investigators successfully separated two components from sphenodontid hemoglobin on DEAE at pH 8.5, but in this case they added 0.1% mercaptoethanol and 0.1% dithiothreitol to the elution buffer (Abbasi et al, 1988 ) and lysis buffer of red blood cells (Weber et al., 1989) , respectively. Brittain (1988) determined the existence of three carbomonoxy-form hemoglobin components, T1, T2 and T3, from Sphenodon punctatus by using DEAE-Sephadex eluted by a gradient of Tris-HCl buffer (pH 8.5) versus Bistris-HCl buffer (pH 5.5). Bonilla et al (1994) used preparative isoelectric focusing and agarose gels with ampholines for separation of intact hemoglobin components. They purified two hemoglobins from the South American snake Riotropical Racer, Mastigodryas bifossatus, however, whose protein bands were closely separated with isoelectric points of 8.02 and 8.07, respectively. Hence, the Alkyl Superose column, a kind of hydrophobic interaction col-umn, should provide excellent resolution in separation and purification of intact hemoglobin components of G. gigantea. Successful separation of intact hemoglobin components enables the manufacture of crystals from individual hemoglobin components for future study of the relationships between physiological functions and crystal structures of hemoglobin components.
Chain separation
After separation of individual components of Geochelone hemoglobin, the constituents of the major and minor hemo- Fig. 1 . Alkyl Superose HR5/5 column chromatography of the Aldabra giant tortoises, G. gigantea, intact hemoglobin. The hemoglobin solution was saturated at 40% by adding 60% saturated ammonium sulfate and applied to an Alkyl Superose HR5/5 column equilibrated with 60% saturated ammonium sulfate buffer (buffer A). After washing with buffer A, the adsorbed proteins were eluted with linearly decreasing ammonium sulfate concentration from 60% to 0% in 50 mM ammonium bicarbonate, pH 8.0. Elution was monitored at 280 nm (top) and 415 nm (bottom). Flow rate was maintained at 0.5 ml/min. Bars indicate the pooled fractions of major and minor peak, Hb A and Hb D, respectively. Fig. 2 . Separation of globin-chains from reduced and Spyridylethylated Hb A on Resource column. A linear gradient was used between 0.1% TFA in water and 0.08% TFA in 60% acetonitrile at a flow rate of 0.5 ml/min. Elution was monitored at 280 (top) and 214 nm (bottom). Globins from peaks 1, 2, 3 are α-1, α-2 and β globin-chains, respectively. Bars indicate fractions used for sequencing.
globins could have been further separated under intact conditions by a reversed-phase column using prepackaged Resource resins but their resolution proved to be inadequate. However, after reduction and S-pyridylethylation of the hemoglobin, the major hemoglobin yielded three more widely separated main peaks and several additional minor peaks on a chromatogram obtained by the same reversed-phase column described above. Many investigators have used reversedphase semi-microbore type columns (Abbasi et al., 1988; Matsuura et al., 1989; Fushitani et al., 1996; Petruzzelli et al., 1996) or CM-columns (Liu, 1975; Leclercq et al., 1982; Rücknagel and Braunitzer, 1988; Rücknagel et al., 1988; Islam et al., 1990 : Naqvi et al., 1994 for separation of globinchains. Our method described here has a similar efficiency and gives excellent resolution in separation at high flow rates with low backpressure (versus flow rates). Figure 2 shows a typical separation profile of three main peaks of globin-chains from the major hemoglobin. The advantages to modify the protein by reduction and S-pyridylethylation were also true for separation of globin-chains from the minor hemoglobin (data not shown). As the results, we prepared six individual globinchains in total from the two hemoglobin components of G. gigantea. Table 1 shows the results of the first 20 amino-terminal amino acid sequences of the six globin-chains. The nomenclature of α-and β-globin chains depends on amino acid sequence similarities to those of the known sequences of reptilian hemoglobins (Kleinschmidt and Sgouros, 1987) . Consequently, the major hemoglobin is a kind of Hb A and the minor is Hb D. Two α-types of globins in Hb A or Hb D have identical sequences each other so far sequenced (Table 1) , while their patterns on reversed-phase column chromatography are shown distinctly different (Fig. 2 , data not shown for those of Hb D). Figure 2 also shows that two kinds of α-types of globin-chains (α-1 and α-2) and one β-type globin-chain are separated at molar ratio of about 1:1:2. This indicates that the Hb A is tetrameric hemoglobin comprised α-1/α-2/β 2 . The presence of two subtypes of α-globins is completely confirmed by their primary structures shown in Fig. 3 .
In birds (Dolan et al., 1997) and crocodiles (Kleinschmidt and Sgouros, 1987) only one type of β-globin chain has been demonstrated, while lizards and snakes express two types of β-globin chains (Fushitani et al., 1996; Gorr et al., 1998) . It is still unknown yet whether the β-globin chains of Hb A and Hb D from G. gigantea are identical or not, but peptide maps digested with lysyl endopeptidase (data not shown) and the first 20 amino-terminal amino acid residues (Table 1) suggest that they might be the same. It was also indicated that the blood of adult Western Painted Turtles, Chrysemys picta bellii (Rücknagel and Braunitzer, 1988) were sharing the same β-globin chains when compared with the two complete amino acid sequences of β-types of globin-chains from Chrysemys Hb A and Hb D. On the contrary, in frogs there have been reported to present two subtypes of β-globin chains (Knöchel et al., 1983; Patient et al., 1983; Oberthür et al, 1983 and . On the numbers of subtypes of β-type globin-chains among amphibians, reptiles, birds and mammals, thus, reinvestigations are needed, in particular, in view of evolution of Tetrapoda.
Sequencing and alignments
In general, Amniota (reptiles, birds, and mammals) has two or more hemoglobin components (Ikehara et al., 1997; Gorr et al, 1998) which are expressed under different physiological conditions. The presence of α-type (α D ) globin-chain in Hb D is, in particular, of interest in the study of the molecular phylogeny of Amniota because α D -globin chain was first studied in birds such as chickens (Hagopian and Ingram, 1971; Brown and Ingram, 1974; Kleinshmidt and Sgouros, 1987) . The nomenclature of Hb A and Hb D was adopted in Ingram's laboratory (Hagopian and Ingram, 1971; Brown and Ingram, 1974) to describe the various domestic fowl hemoglobins: The embryonic and adult definitive erythrocytes contain the major adult (A) hemoglobin and the minor definitive (D) hemoglobin.
Hb D was also reported in the tuatara Sphenodon (Abbasi et al., 1988) . As for the presence of Hb D in turtles, it was first found in the adult Western Painted Turtle, Chrysemys picta bellii (Rücknagel et al., 1984) and the Hilaire's Sideneck Turtle, Phrynops hilarii (Rücknagel et al., 1984) . This study describes the presence of Hb D in the Aldabra giant tortoises, G. gigantea, and also demonstrates the presence of two subtypes of α-type globin-chains. To ascertain the presence of α D globin-chains in the Hb D of G. gigantea, a study on the primary structures of the α D globin-chains is in progress (the primary structure of α D -1 globin chain has been submitted to the JIPID with an accession number PC7116). To date, all reptiles sequenced (Abbasi et al., 1988; Matsuura et al., 1989; Islam et al., 1990; Rücknagel et al., 1988; Abbasi and Braunitzer, 1991; Fushitani et al., 1996) except crocodiles (Leclercq et al., 1981) have been clarified to possess two hemoglobin components, Hb A and Hb D.
Reptilian phylogenetic tree
Geochelone is a unique group among turtles since it includes two big-size tortoises; G. gigantea, the Aldabra giant tortoises, and G. elephantopus, the Galapagos giant tortoises. These species may weigh up to 250 kg and measure 150 cm over the curve of their carapaces (Jackson, 1984) . The Galapagos tortoises are, in general, known as the world's largest living tortoises. Recently, Bordin et al (1997) have studied one of the Geochelone species, G. carbonaria, whose carapace size measures at most about 40 cm, and reported the primary structure of the β-globin deduced from its cDNA analysis. The distribution range of G. carbonaria stretches throughout mainland South America: Panama, Colombia, Venezuela, Brazil, Paraguay, and Argentina. Thus, the present habitats of the three Geochelone species are remote and isolated from one another. Many questions arises, such as "When did they diversify from their ancestor?", "Is there any correlation between diversity of morphological characteristics and evolution of protein structure?", "How do they differ in their primary structures?", and "How have they adapted protein functions to environmental and physical circumstances? " On these points, comparing the primary structures gives fairly important clues for understanding and elucidating the evolution and improvements of molecular structures of proteins as well as genes. Figure 3 summarizes the strategies used to establish the complete amino acid sequences of the three globin-chains from Hb A. Appendix 1 provides the data supporting the sequences of Fig. 3 . The two α-globin chains are composed of 141 amino acid residues and the β-chain is composed of 146 residues. All overlaps were quantitatively confirmed by duplicated analyses of amino acid residues, with the exceptions of residues 22 through 30 and 109 through 120 for α-1 globin-chain, 23 through 30, 61, 63 through 68, and 95 through 120 for α-2 globin chain, and 72, 73 and 122 for β-globin chain.
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The two α-globin chains and the β-globin chain of G. gigantea are aligned with those previously reported for reptilian hemoglobins (Appendix 2). When the globin sequences of the two α-chains and the β-chain of G. gigantea are compared with those of known sequences, there are 19 invariant amino acids among the 28 globins from reptilian hemoglobins. As for the invariant amino acid residues among the 14 Fig. 4 . The phylogenetic tree of 28 reptilian globins. Distance matrices estimated by PRTODIST (option: Kimura formula/data not shown) was used for construction of a rooted tree by NEIGHBOR under the UPGMA method in the package of PHYLIP (version 3.51c: Felsenstain, 1993) . Branch lengths are proportional to protein distances and shown on the individual branches of the tree. The abscissa is a time scale in Myr (million years) ago based on the separations of the α-and β-globin chains described by Goodman et al., 1975 . The references of globin-chains used in the present analysis are as follows: 1) this study, 2) this study, 3) Rücknagel et al., 1988 , 4) Petruzzelli et al., 1996 Abbasi et al., 1988 , 6) Rücknagel et al., 1988 Abbasi et al., 1988 , 8) Fushitani et al., 1996 Islam et al., 1990 , 10) Naqvi et al., 1994 , 11) Duguet et al., 1974 Leclercq et al., 1981, 13) Leclercq et al., 1981, 14) Leclercq et al., 1982, 15) this study, 16) Bordin et al., 1997 , 17) Rücknagel et al., 198, 18) Petruzzelli et al., 1996 Abbasi et al., 1988 , 20) Brittain, 1988 , 21) Rücknagel et al., 1988 Abbasi et al., 1991, 23) Islam et al., 1990, 24 α-globins and 14 β-globins from reptiles, there are 44 invariant (31.2%) and 41 invariant (28.1%), respectively. When compared sequence similarities of globin chains within a species (G. gigantea), the sequence identities of 37.8% (α-1 versus β) and 35.8% (α-2 versus β) were obtained. These resemble the value (42.5% identity) obtained from the comparison with human α-and β-globin chains (Bunn and Forget, 1986) . On the contrary, comparing the sequence of the β-globin chain of G. gigantea with that of G. carbonaria, there are 139 identical amino acid residues. This similarity (95.2%) coincides with the sequence similarity (96.5%) of the two α-globin chains of G. gigantea. This finding suggests that the two species are definitely very closed related to each other, and their protein structures, though they are limited, have somehow been conserved even when their morphological characteristics have greatly changed.
Reptilian phylogeny and diversity based on α-and β-globin chains
Phylogenetic analyses of 28 globin-chains including 4 species of Testudinata, 7 species of Squamata (snakes and lizards), 3 species of Crocodylia and 1 species of Rhynchocephalia were conducted by PROTDIST (Felsenstein, 1993) . The rooted tree (Fig. 4) deduced by NEIGHBOR under the UPGMA method (PHYLIPS; Felsenstein, 1993 ) is highly correlated at the level of orders with the reptilian traditional phylogeny established mainly depending on morphological characteristics (Carroll, 1969; Benton, 1990) . This partly supports the previous molecular studies on the evolution of reptilian hemoglobins (Goodman et al., 1975; Fushitani et al., 1996; Gorr et al., 1998; Vinogradov et al., 1993) . The molecular relationships appearing on our phylogenetic tree are summarized as follows: (1) the two species of Geochelone have separated very recently (estimated to be about 17 million years ago): divergence dates are estimated 2.6-4.4 times later than those of the two species of Varanas and the two species of crocodiles (Crocodylus niloticus and Alligator mississippiensis); (2) the species Sphenodon is closely related to the group of tortoises; (3) the primary structures of β-globin chains from the sea turtle Caretta and the sea snake Liophis miliaris hemoglobins were, in particular, shown to be unusual relatedness from the group of terrestrial species in turtles and squamates, respectively; (4) in the branches of α-globin chains the squamates (snakes and lizards) diverged from the groups of turtles and crocodiles, but in the branches of β-globin chains the crocodiles first separated from the other groups of reptiles (turtles and squamates).
One of the most interesting objectives is, therefore, determining when and how the Galapagos giant tortoises, G. elephantopus, diversified from their sister species, the Aldabra giant tortoises G. gigantea. At the present time, the habitats of the two giant tortoises are remote oceanic islands and separated by two continents, Africa and South America, and the Atlantic Ocean. According to our β-globin data, the divergence time of G. gigantea and G. carbonaria was estimated as 17 myr (million years) ago. This coincides with the recent study of Caccone et al (1999) who have estimated that the colonization of Madagascar by tortoises occurred in 22-14 myr ago based on tortoises mtDNA sequences. It is not unreasonable to make a scenario that the two living giant species had diversified less than 17 myr ago from their common ancestor and reached oceanic islands, one is volacinc (the Galapagos) and the other is atoll (Aldabra), by rafting, the most reliable way of migration for terrestrial animals. Future studies on globin structures of G. elephantopus may well explain the divergence times and molecular relationships of hemoglobins among the three Geochelone species. 
